This paper is focussed on the definitions and relations between three variables of primary importance in environmentally assisted fracture of notched specimens. Local or effective strain rate, defined at the notch tip, is the relevant damage variable which controls the environmentally assisted fracture process and makes the experimental results objective. Global, nominal or applied strain rate, defined over the whole sample, represents a control variable applied by the testing machine under displacement control. Remote or external strain rate, applied far from the notch, is another control variable which can be monitored by an extensometer placed outside the environmental cell. Calculation of local, global and remote strain rates is based on continuum mechanics, and involves the choice of local, global and remote reference lengths. Results demonstrate that the relationship between local and global strain rates depends on the material, notch geometry, and loading level, and therefore it changes with time. In elastic regime, this relationship is constant and only dependent on material and notch geometry.
GLOBAL ANALYSIS
The analysis presented in this paper is mainly applicable to metals, since it deals with kinematic variables which control EAF. In this case the stress-strain curve of a typical material may be represented by a Ramberg-Osgood equation:
in which Ε is the elastic modulus, and Ρ and η the Ramberg-Osgood parameters. Vol. 9, No. 3, 1998 Local Strain Rate at a Notch Tip: Implications in Environmentally Assisted Fracture R is the notch radius, A the notch depth and D the sample diameter, and cylindrical coordinates r, θ and ζ are used. The radius of the net section is called a (therefore a = D/2-A), and the distances from the notch tip can be measured through an auxiliary coordinate χ = a-r.
The first approach to the problem consists of a global analysis of the distributions of displacements and strains along axial directions at different distances from the notch tip. In a round notched geometry (cf. Fig. 1 ), the distribution of displacements in axial direction ζ along straight lines parallel to the sample axis at distance r is as shown in Fig. 2a, i. e., the displacements grow strongly in the notch vicinity (0 < ζ < z 0 ) -with a typical nonlinear distribution-and slightly and linearly in the rest of the sample. Thus the distribution of axial displacements may be represented by the following law in the axial direction: u z = kj + k2 z; 0 < r < a; ζ > z 0 (2) where z 0 is the distance, measured from the neck or net section, for which a uniaxial stress state is established and thus the effect of the notch is negligible. In the vicinity of the notch, the displacements at the first steps of loading are clearly different for different values of r but, as plastic zone spreads, these values get closer. Obviously, the displacements are higher at the notch tip, since this is the area of the highest stress gradient.
Punctual strain is a tensor defined from the displacement vector. In this work, focussed on notched specimens axially loaded, only the axial (z) component will be analyzed. Keeping in mind the hypothesis of small strains, the relationship between the cartesian components of the strain tensor and the displacement vector is the following:
and therefore ε ζ -ζ distributions can be obtained from u z -z curves through derivation. In Fig. 2b the typical form of the axial strain distribution in a round notched bar is also represented. A strain concentration is observed in the neck, higher next to the notch tip, and uniform strain in J. Toribio
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the rest of the sample (ε ζ = k 2 ), starting from the coordinate z 0 , which marks the beginning of the part of the geometry under uniaxial stress state. On choosing a Ramberg-Osgood modelling for the stress-strain curve of the material, the following can be written:
in which F is the load, D the sample diameter, and Ε, Ρ and η were defined in equation (1) . The value k 2 of equation (4) has interesting experimental applications in EAF research, since it represents the uniaxial strain far from the notch, a variable which can be controlled by means of an extensometer placed outside the corrosion cell. It could be called, then, remote strain. Vol. 9, No. 3, 1998 Local Strain Rate at a Notch Tip: Implications in Environmentally Assisted Fracture
LOCAL ANALYSIS

Definitions of strain rates
Three kinds of strain may be defined in a notched geometry subjected to tensile loading in axial direction, as sketched in Fig. 3 . Local strain is defined at the notch tip or in its vicinity,
i.e., in the zone where the EAF process takes place; global strain Eg refers to the whole specimen and includes the integral of displacements over the sample; remote strain is related to the zone -far from the notch-where the strain concentration due to the notch itself is negligible, i.e., the points of the solid under uniaxial stress state. Whereas both local and global strains are defined over a reference length placed symetrically to the notch, remote strain does not have this property of symmetry.
Local strain El is defined as the strain associated with a local reference length Β -small enough to guarantee the convergence of the method-parallel to the bar axis (z) and placed at the notch tip (r=a, z=0 in Fig. 1 ):
where the enlargement ΔΒ of the local reference length Β is the relative displacement between its ends (local displacement ul). The hypothesis of small strains is used and thus the analysis is applicable to brittle fracture such as that associated with high strength steel under EAF conditions. 
If the sample length L is used, then a modified definition of the global strain εg* is obtained:
It must be noted that the global strain is a dimensionless displacement, and as opposed to local strain, it is not a strain in the continuum mechanics sense, since the strain is non uniform along the axial direction in a notched geometry. Strictly speaking, therefore, it should be called dimensionless global displacement. However, for the sake of simplicity and unity of names, it will be named global strain throughout this paper.
Remote or external strain is that corresponding to a remote reference length B' -small enough to guarantee the convergence of the method-parallel to the bar axis (z) and placed far from the notch tip, in the zone where the influence of the notch is negligible and a uniaxial stress (and strain) state is established (r=D/2, z>z 0 in Fig. 1 , where z 0 is defined in Fig. 2 ):
R ~ Β' -Β' (8) where again the enlargement ΔΒ' of the remote reference length B' is the relative displacement between its ends (remote displacement ur) and the hypothesis of small strains is used.
The relationship between local, global and remote strains is sketched in Fig. 4 which shows the following inequalities:
£R < EG* <
Vol. 9, No. 3, 1998 Local (6), whereas in the definition (7) the numerator itself is influenced by L. Thus the definition (6) of the global strain Eg (on the basis of the sample diameter D) will be used throughout this paper.
Local or effective strain rate is the damage variable governing the environment-sensitive fracture. It can be computed by derivation of (5):
where superscripts i and i+1 mean a loading step and the next one. The value Δί represents the time interval between two loading steps.
Global, nominal or applied strain rate is derived from (6), and is the control variable in tests
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Remote or external strain rate is that applied far from the notch, and can also be the control variable in a test under strain control by means of an extensometer placed outside the environmental cell. Its expression is given by derivation of (8):
The time interval At can be constant or variable from one step to another. At any rate, however, parameter At can be easily eliminated by calculating the relationship between the relevant damage variable (local strain rate) and any of the two experimental control variables (global or remote strain rates), in the following form:
•
/f £l/£r = Β UR i+'-UKi (16) Since the global strain rate has the conceptual advantage (over the remote strain rate) of its symmetry (this is derived from the symmetric character of the global strain), this variable will be used as the control variable in this analysis, and thus the present paper is focussed on the relationship between local and global strain rates in round notched geometries.
Computational analysis
To obtain quantitative relationships, a computational finite element analysis was performed in the conceptual frame of the continuum mechanics theory, and more precisely in the plasticity theory. Material was considered homogeneous and isotropic. A modified Newton-Raphson scheme was used for the computations on the basis of incremental plasticity. Load was introduced as displacement applied at the sample ends, step by step.
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The specific material model used in the computations follows the Ramberg-Osgood equation
(1) with parameters Ε = 199 GPa, Ρ = 2.1 GPa, η = 4.9, whose stress-strain curve is given in 
Choice of reference lengths
Computation of local and global strain rates is based on continuum mechanics, and involves the choice of local and global reference lengths. The local reference length must be small enough to guarantee the convergence of the mathematical method to the solution but, on the other hand, it must be greater than the relevant microstructural parameter -usually the material grain size-to assure the validity of the continuum mechanics approach, i.e., the agreement between the mechanical model and the microphysical reality of the material.
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Mathematical convergence is automatically guaranteed, since the axial displacement distribution is continuous, and therefore the limit defined in (5) solution is faster when the stress concentration is lower, the convergence being better for geometry C (maximum radius, minimum depth), and worse for geometry Β (minimum radius, maximum depth). As one could expect, the convergence is better as the stress concentration produced by the notch is lower. Considering geometry Β as the least convergent, Fig. 7b shows that the accuracy is excellent for a local reference length B/D = 0.01. In this case the relative error of local strain rate is lower than 1%, even when local reference length changes its magnitude order. Adopting D = 10 mm as a standard value for the diameter of steel wires, Β = 100 μηι, one magnitude order higher than the first microstructural level of a typical highstrength pearlitic steel (average pearlite colony size: 15 μπι), a material for which the research presented here has a special interest. The mathematical model, therefore, agrees fairly well with the microphysical reality of the material.
The global reference length should be long enough to permit uniaxial stress state at its ends, so the influence of the notch on the stress state at the ends of the reference length becomes (2)) and the axial strain is uniform (equation (4)). From the computational results it can be said that the coordinate ζ at which this uniaxial stress state is achieved is z 0 /D = 2 and therefore, taking into account the symmetry, L = 4D is an adequate value for the global reference length.
With these local and global reference lengths, the expressions (12) and (13) for the strain rates become:
εο-ETÄt (18) where the variables between parentheses are the local (B=0.01D) and global (L=4D) reference lengths, distances for which the relative displacements between their ends are measured to compute the local and global strains and thus the corresponding strain rates. It should be noted that a limit is involved in expression (17) , which makes the value of local strain rate unique. It is, by definition, independent of the diameter D, although this variable appears to define the local reference length.
According to the chosen reference lengths, the relationship between local and global strain rates may be obtained from (15) with the same meaning as above.
It should be noted that expression (20) is purely mechanical and independent of the material, while relation (21) involves the choice of a particular material, in this case a high strength steel modelled by a stress-strain relationship of Ramberg-Osgood type.
LOCAL VERSUS GLOBAL STRAIN RATE
Phenomenological aspects
In Fig. 9 a plot is given of the relationship between local and global strain rates for all geometries and the local and global reference lengths chosen in the previous section, the local externally applied global strain rate produces a constant local strain rate at the notch tip. In Fig.   9 , the elastic phase represents only a small percentage of the whole loading process. The length of the elastic region is a function of the yield strength of the material, increasing with it.
(ii) Region II (Transition phase): Steeped. Plastic zone starts at notch tip and spreads Vol. 9, No. 3, 1998 Local Strain Rate at a Notch Tip: Implications in Environmentally Assisted Fracture progressively towards the inner region. The shape of the plastic zone depends on the particular geometry, while its size increases as global strain rate increases.
(iii) Region III (Plastic phase): Slightly increasing or quasi-horizontal. Plastic zone reaches the sample axis. In this cases the relationship between local and global strain rate is more or less constant, but there is a clear magnification of local strain rate of the notch tip due to the fact that the whole net section is under plastic regime.
Notch depth influences the extension of transition phase (II). Both notch depth and radius influence the numerical value of the relationship between local and global strain rates during elastic (I) and plastic (III) phases. The more severe the notch (the lower the radius and the greater the depth), the higher the stress concentration and the local strain rate.
Relationship between variables
From dimensional analysis, the relationship between the local strain rate at the notch tip and the global strain rate at the sample ends is:
where f is a function of seven dimensionless variables referring to material properties (v, n, P/E), geometry (R/D, A/D, L/D) and level of loading (εο). Consideration should be given to the influence of external action εο, which makes the local strain rate ει^ change as the test proceeds, even keeping constant the global strain rate, as usually occurs in slow strain rate tests, widely used in testing and evaluation of EAF. Such a variation is not taken into account in previous calculations of the local strain rate at crack tips /21-25, 27-30/. However, in spite of these oversimplifications, the expressions reported in these references may be accurate enough for an estimation in the case of an ideally plastic material without strain hardening capacity, since in this particular case there is a sudden transition from elastic (I) to plastic (III) phases, which means that the main process is under plastic regime. This implies a constant relationship 
On the elastic regime
Under linear-elastic regime, parameters Ρ and η do not influence the results; the only relevant material variable is v. In addition, during the elastic phase (I) the relationship between local and global strain rates is constant (horizontal line), and does not depend on the global strain £G-Equation (22) yields, thus: (21), which in the case of elastic regime becomes:
with the same meanings as (21) . This expression makes the results of Fig. 10 universal, since it allows an extrapolation for different global reference lengths, depending on the particular sample length -or control length-chosen in an EAF test.
APPLICATION TO ENVIRONMENTALLY ASSISTED FRACTURE
Computational results of previous sections demonstrate that local strain rate at the notch tip -the key variable in environmentally assisted fracture of notched specimens-is not constant during a test in which externally-applied global strain rate (or testing displacement rate) is Vol. 9, No. 3, 1998 Local Strain Rate at a Notch Tip: Implications in Environmentally Assisted Fracture constant. Furthermore, it is impossible to perform a strictly real constant strain rate test in environmentally assisted fracture, even when the global strain rate is constant and a smooth sample is tested, since cracking, multi-cracking, dissolution or any kind of localized damage appears at the critical steps of the test, before the final fracture, and such defects behave as stress and strain concentrators in the same manner as notches, thus generating again the problem of variability of local strain rate as the test proceeds.
To overcome this difficulty of notched specimens, two approaches may be suggested in the framework of integration of computational methods and testing in evaluation of environmentally assisted fracture. The first one consists of using real time processing of information to have a computer-assisted control of the experimental device. The second one deals with postprocessing of experimental information to obtain universal results.
With regard to the first way, it is possible to design a real constant strain rate test on notched samples during which the local strain rate does keep constant in spite of variations of global strain rate, introducing the computational relationship between local and global strain rates as input data into the computer which controls the testing machine. By means of real time processing of the global strain signal during the test, a feedback order can be sent to the mechanical device, thereby producing a really constant local strain rate test.
Another approach consists of performing a standard test with constant global strain rate or testing displacement rate. As demonstrated throughout this paper, local strain rate at the notch tip changes as the test proceeds (as the global displacement increases or the plastic zone spreads). However, the outcome of this non-constant strain rate test could be post-processed on the basis of the results of this paper (relationship between local and global strain rates as a function of global strain given in Fig. 9 ) to obtain universal results independent of the notched geometry.
This second approach was successfully applied to the modelling of hydrogen assisted fracture processes in notched specimens of the same high-strength steel as used in the present work 1321. For hydrogen embrittlement environmental conditions the critical fracture parameter depends not only on the material but also on the local strain rate in the vicinity of the notch tip, averaged over the hydrogen affected zone (cf. /32/)
CONCLUSIONS
Local, global and strain rates were defined as the main kinematic variables in environmentally assisted fracture of notched specimens. In addition, local strain rate at a notch tip was numerically computed as a function of global strain rate, for a wide range of notch geometries. The mathematical method is convergent to the solution and the continuum mechanics approach is congruent with the microphysical reality of the material.
Local strain rate at the notch tip depends not only on the material and geometry, but also on Vol. 9, No. 3, 1998 Local Strain Rate at a Notch Tip: Implications in Environmentally Assisted Fracture the loading process, i.e., on the global strain externally applied on the sample ends. Therefore, the relationship between local and global strain rates is not constant, but increases with time, even for constant global strain rate. In elastic regime the relationship between local and global strain rates only depends on geometry, it being independent of the material and the external load. As a consequence, the results in this paper are totally general for that situation.
It is possible to design a real constant strain rate test on notched samples, introducing the relationship between local and global strain rates into the computer which controls the testing machine, and using real time processing of the global strain signal during the test. Another approach consists of performing a standard test and post-processing its outcome on the basis of the relationship between local and global strain rates, to obtain universal results independent of the notched geometry.
